Group II introns are retroelements that site-speci®cally insert into DNA through homing. They are also implicated in related phenomena such as ectopic site insertions and precise intron deletions, but little is known about how group II intron reverse transcriptases (RTs) interact with noncognate substrates. Here we show that wild-type aI2 RT readily reverse transcribes non-cognate RNAs in mitochondrial RNP particles when the aI2 intron structure is misfolded. In two closely related priming mutants, 1 2 ÁD5 and 1
Introduction
Group II introns are retroelements consisting of a self-splicing RNA structure and an intronencoded reverse transcriptase (RT). The primary mobility event of group II introns is homing, a highly ef®cient and site-speci®c process in which the intron inserts into intronless alleles. The mechanism of homing, termed target-primed reverse transcription (TPRT), is carried out by an RNP particle comprised of spliced intron lariat and the intron-encoded RT. The intron ®rst reverse splices into the sense strand of the homing site DNA. The Zn domain of the RT cleaves the antisense strand of the target, and the RT reverse transcribes the inserted intron using the cleaved DNA as the primer. 1, 2 This extraordinary series of reactions requires catalytic activities of both RT and intron RNA subunits, and both subunits are required at each step, indicating highly speci®c biochemical cooperation. 3 ± 5 The speci®city of interaction is further demonstrated by the very tight binding between RT and intron, which for the Lactococcus lactis ltrB intron (Ll.ltrB) has an apparent K d of 0.25 pM. 4, 5 Despite these highly speci®c interactions, group II intron RTs can carry out reactions with non-cognate RNAs at detectable frequencies. In yeast mitochondria, group II introns have been implicated in precise intron deletions, an occurrence that is regularly encountered in genetic screens for revertants of intron mutations. At very low frequencies, group I or group II introns that contain mutations are precisely deleted from the genome, often with simultaneous deletion of adjacent introns. 6, 7 The mechanism would appear to be reverse transcription of spliced mRNAs followed by integration of the cDNAs into the mitochondrial DNA. One study showed genetically that such intron deletions require the aI2 and possibly the aI1 intronencoded proteins, 8 a reasonable model because both introns are now known to encode active reverse transcriptases.
9 ± 11 From a broader perspective, reverse transcription of non-cognate RNAs has been used to explain a variety of retroprocessing events such as formation of pseudogenes and transposition of SINE elements; 12, 13 however, little mechanistic information is available for these processes because the events are rare.
In the normal situation for wild-type yeast mitochondrial RNP particles, the aI1 and aI2 RTs are tightly bound to their cognate intron RNAs (both precursor and spliced forms) but do not reverse transcribe the introns in the absence of homing site DNA primer. 5, 14 This is a reasonable mode of action because reverse transcription of the introns would destroy the ability to be mobile. Nonetheless, some mutations induce reverse transcription of aI2 intron. 9 Two closely related priming mutants, 1 2 P714T and 1 2 5Brec1 , have the common mutation P714T in the non-conserved region of the Zn domain of aI2 ( Figure 1 ). The mutation does not affect splicing, but reduces reverse splicing and antisense strand cleavage 15 ± 17 and causes elevated reverse transcription in endogenous RT assays, 9 meaning that upon addition of radiolabel and nucleotides to RNP particles, the RT copies the RNA to which it is bound. Characterization of cDNAs produced by 1 2 5Brec1 showed that aI2 sequence was speci®cally reverse transcribed. The cDNAs are not directly involved in mobility, however, because the mutant introns were essentially immobile in standard crosses, 18 although more recent work has shown that 1 2 P714T is substantially mobile for certain sequence variants of the homing site. 17 The mutants 1 2 ÁD5 and 1 2 ÁD5 similarly have elevated endogenous RT activities but are immobile. 9, 18 These two mutants are both deleted for intron RNA domain 5, and differ from each other only in the presence or absence of the aI1 intron ( Figure 1 ). Deletion of domain 5, the ribozyme's catalytic center, prevents intron splicing, but because the deletion is downstream of the RT stop codon, the strains produce wild-type RT pro- Figure 1 . Schematics depict aI1 and aI2 introns and¯anking exon sequences (E1, E2 and E3). Each intron has six RNA structural domains (1-6) with an intron-encoded protein inserted in domain 4. The protein has three domains: RT (reverse transcriptase), X (maturase) and Zn (nuclease). The wild-type 1 2 strain contains aI1 and aI2 introns; the mutant 1 2 P714T contains the mutation P714T in the aI2 intron-encoded protein and lacks aI1; the mutants 1 2
ÁD5
and 1 2 ÁD5 are deleted for domain 5 of the aI2 intron RNA structure, which prevents intron splicing, but the resulting RT is wild-type. 1 , we show that template speci®city for the aI2 RT is drastically altered when domain 5 is deleted, presumably because of misfolding of the intron RNA structure. Consequently, the RT is induced to reverse transcribe non-cognate RNAs through an alternate priming mechanism. In spite of the relaxed template speci®city, the RT does not readily reverse transcribe exogenously added RNAs unless a complementary primer is added, suggesting that the alternative priming mechanism is speci®c to RNA-protein interactions formed in vivo. Because similar reverse transcription events occur for wild-type intron at a low level, the data have implications for non-homing activities of group II introns such as intron deletions and other retroprocessing events.
Results
Loss of RT specificity induced by mutations in the template RNA Previous work suggested that the mutant 1
2

ÁD5
had altered template speci®city because its cDNAs hybridized to multiple mtDNA restriction fragments (A. Lambowitz & J. Kennell, personal communication). To examine the template speci®city in more detail, we hybridized radiolabeled cDNAs produced in endogenous reactions of 1 shows a control hybridization with cDNAs produced from the mutant 1 2 P714T , showing that only aI2 RNA is reverse transcribed, as expected from previous ®ndings for this mutant.
9 Figure 2 (b) also demonstrates speci®city for hybridization conditions because there is no cross-hybridization to the related aI1 intron sequence or other RNAs, even in long exposures (not shown).
In contrast to the P714T mutant, cDNAs from the mutant 1 2 ÁD5 hybridize to multiple RNAs (Figure 2(c) ). The strongest signal remains the aI2 sequence, indicating a preference for cognate template, but about half of the hybridization signal corresponds to the large subunit rRNA and other RNAs in the RNPs. In fact, all RNAs visible on the , or with an equal mixture of PCRgenerated probes of full-length aI1 and aI2 introns with equal speci®c acitivities. Band intensities were quanti®ed by phosphorimaging. (Figure 2(d) ). For 1 2
, the aI1 intron is unexpectedly reverse transcribed at elevated levels, and appears to be copied preferentially over aI2 RNA. Because the only difference between these two mutants is the presence of aI1, it appears that aI1 RNA competes for aI2 RT when the aI2 intron structure is misfolded. To compare more accurately the preference of aI1 versus aI2 templates for 1 2
, Southern blots were made with equal amounts of aI1 and aI2 DNA for side by side comparisons. cDNAs produced from 1 2 ÁD5 hybridized to aI1 with an approximate ®vefold preference over aI2 ( Figure 2 (e)), con®rming the preferential use of aI1 template seen in Figure 2 (d). A control hybridizaton with equal amounts of aI1 and aI2-speci®c probes showed essentially equal signals for each band. Clearly, wild-type aI2 RT in 1 2 ÁD5 prefers the related, non-cognate aI1 intron to misfolded aI2 intron. This is unexpected because the aI1 RT is bound to aI1 RNA and possibly must be displaced by the aI2 RT for this reaction to occur.
Alteration of start sites in Á Á ÁD5 mutants
Because the mutants are perturbed in the initiation step, we next tested for alteration of start sites. Previous data showed that start sites for the mutant 1 2 5Brec1 (containing the P714T mutation) were localized to two heterogeneous start sites near the 3 H end of the intron in domain 6 of spliced intron and also in exon 3 of unspliced precursor. 9 To analyze the cDNA start sites, radiolabeled cDNAs were hybridized to DNA blots of restriction digests of aI2 sequence. Blots were made from PCR ampli®cation products of full-length aI2 DNA digested with either SspI, DraI, or AluI. cDNA probes were generated from endogenous RT reactions with incorporation of a 2:1 ratio of dA:ddA to limit polymerization (see Materials and Methods). H terminal fragments but little for internal DNA sequences. The DraI and AluI digests similarly show two to three bands each which are consistent with one start site at the very 3
H end, and the other within the 5 H 700 bp. Previous characterization of 1 2 5Brec1 did not show a 5 H start site, 9 but we note that in that study, a three minute incu- bation resulted in hybridizations at the 5 H end of aI2 but not internally, which may re¯ect the same cDNA start site in a smaller amount. In contrast to the localized start sites of 1 2 P714T , cDNAs of the two ÁD5 mutants showed hybridization for all bands, which was generally proportional to the size of the DNA fragment. Notably, the 165 bp DraI fragment is barely detectable for the ÁD5 mutants. An equivalent experiment with 1 2 ÁD5 cDNAs hybridized to aI1 sequence also showed hybridization to all DNA fragments of aI1 (not shown).
The ÁD5 hybridization patterns can be explained in two ways. cDNA synthesis may initiate at multiple points in the aI2 intron, or cDNA synthesis might be already in progress in the RNP particles and new cDNA synthesis simply adds several nucleotides to an already polymerizing cDNA. To distinguish between these possibilities, endogenous RT reactions were carried out with [a-
32 P]dCTP, one dideoxynucleotide (either ddATP, ddGTP or ddTTP) and the two remaining dNTPs to halt cDNA synthesis at the ®rst incorporated A, G or T. Products were phenol-extracted, precipitated and resolved on a polyacrylamide/ urea gel. Figure 4 shows that while the nascent 1 2 P714T cDNAs were <40 nt, the ÁD5 mutants produced some cDNAs of >200 nt ( Figure 4 , lanes 2-4 compared with [14] [15] [16] [18] [19] [20] . Therefore, some cDNA synthesis appears to be already in progress in vivo for 1 2 ÁD5 and 1 2 ÁD5 mutants but not for 1 2
P714T
. An alternate explanation is that the ÁD5 primers may be of heterogeneous lengths; however, to account for the hybridization pattern the primers would have to be fragments of aI2 or aI1 sequence representing the entire intron sequence, and moreover, the discrete pattern of bands in Figure 4 (lanes 15 and 19) strongly suggests progressive polymerization.
Reverse transcription of exogenous RNA templates
We next asked whether the lack of template speci®city seen for 1 2 ÁD5 and 1 2 ÁD5 mutants in Figure 2 would extend to exogenous templates. That is, given that the 1 2 ÁD5 RT reverse transcribes multiple RNAs in the RNP particles, would the RT also non-speci®cally reverse transcribe exogenous RNAs added to the RNP particles? To do these assays, 1 2 ÁD5 RNP particles were incubated with an excess (2 mg) of in vitro RNA transcripts in the presence of [ 32 P]dCTP and other nucleotides. One tenth the standard amount of RNP particles was used in the reaction (0.0025 A 260 ) to reduce background signal from endogenous templates. cDNA synthesis was for ®ve minutes to produce short cDNAs, followed by phenol-extraction, precipitation and resolution on a 1 % agarose gel. Previous experiments have shown that under these conditions the short radiolabeled cDNAs remain paired to the RNA template. 
Group II Intron Reverse Transcriptase
Because the cDNA is short, the signal shows the size of the RNA template. Figure 5 shows that 1 2 ÁD5 RNP particles incubated with non-cognate transcripts of either aI1 or pBluescript plasmid (pKS) showed little reverse transcription of the exogenous RNAs (lanes 11 and 13; compare with lane 1), although the aI1 transcript was reverse transcribed to a small extent. It had been expected that aI1 RNA would be ef®-ciently reverse transcribed, analogous to reverse transcription of aI1 in 1 2 ÁD5 RNP particles, and that the pKS transcript might be reverse transcribed to a small extent, similar to non-cognate reverse transcription in Figure 2(c) and (d) . Instead, the failure of the two transcripts to be ef®ciently reverse transcribed despite being present in a 20-fold excess over RNA in the RNP particles (2 mg exogenous RNA versus 100 ng endogenous RNA) suggests that the RT does not recognize and reverse transcribe exogenous aI1 or pKS templates equivalently to endogenous aI1 or non-cognate templates. Addition of a complementary primer, however, resulted in ef®cient reverse transcription of the two exogenous RNAs (lanes 12, 14) . We conclude that the wild-type RT in the 1 2 ÁD5 RNP particles can reverse transcribe exogenous noncognate templates, but ef®cient reverse transcription requires a complementary primer, unlike endogenous RNA templates.
Unexpectedly, in vitro transcripts of aI2 RNA were not reverse transcribed either. Addition of aI2 transcript to 1 2 ÁD5 RNP particles did not result in reverse transcription of the aI2 RNA (lane 3) nor did it compete with the endogenous RNAs to sup- 32 P]dCTP for ®ve minutes followed by phenol-extraction, precipitation, resolution on a native agarose gel, and then drying and autoradiography. The ethidium bromide-stained gel is shown below along with diagrams of RNA transcripts and positions of primers. Transcripts used in the assay were aI2 precursor transcript (aI2), spliced aI2 transcript (aI2-s), a transcript derived from pBluescript KS (pKS), and unspliced aI1 precursor transcript (aI1). Primers used were HG1, aI2-A6 (A6), aI1-3 H , and M13 reverse (rev). Transcripts of the pKS plasmid always resulted in two bands, with the shorter band probably due to premature termination. Sizes of transcript (nt) are indicated to the right of the gel. press background levels of the endogenous reaction (better seen in longer exposures). Like aI1 and pKS transcripts, addition of a complementary primer (HG1) produced ef®cient reverse transcription of the exogenous aI2 transcript (lane 4
It remains possible that the aI2 RNA is recognized speci®cally by the RT but is not reverse transcribed, similar to the dynamic in wild-type particles. The RT in 1 2 ÁD5 RNP particles is known to reposition to in vitro transcripts of aI2 under the conditions used here, and the reconstituted RNP particles are competent for reverse splicing and DNA cleavage.
}19 Isolated RT protein of Ll.ltrB also binds speci®cally to intron transcript but does not reverse transcribe it unless an oligonucleotide primer is added. 5 It is expected, then, that some RT of 1 2 ÁD5 RNPs will speci®cally bind to the added exogenous aI2 transcript but will not reverse transcribe it. To address this issue, we constructed deletion mutants of aI2 to eliminate RNA structures expected to interact with the RT. All constructs contain the HG1 priming site in exon 3 to prevent differential primer effects ( Figure 6 ). Two constructs (pB/N and pB/C) are deleted for intron domains 1-4 including the putative high af®nity binding site in domain 4A, while the third construct is deleted for RNA domains 4-6 ( Figure 6 ). Although there are variations among the three deletion forms, all three RNAs showed similar reverse transcription to the undeleted form, with reverse transcription being dependent on a complementary primer and with little effect from the presence or absence of RNA structures that interact with the RT. A further control testing for priming by noncomplementary oligonucleotides showed that a variety of non-complementary primers did not support reverse transcription of aI2 or pKS exogenous templates, including primers of rRNA and other group II intron sequences (not shown).
In summary, the wild-type RT in 1 2 ÁD5 RNPs reverse transcribes multiple endogenous RNAs in RNP particles without an exogenous primer, but exogenous RNAs (pKS, aI1, aI2) added to the 
RNPs are not reverse transcribed ef®ciently without a complementary primer. The difference in priming requirements for endogenous versus exogenous RNA templates suggests that the alternative priming event in ÁD5 strains is speci®c for RT-RNA interactions formed in vivo.
The mechanism of alternative priming
Because the endogenous reactions contain no homing site DNA or other added primer, it appears that the alternative priming event is distinct from TPRT. Possible mechanisms might be a small complementary or non-complementary primer or the absence of a primer (de novo initiation) as occurs for the related Mauriceville RT. 20 Previous work excluded a protein primer 9 because phenol extraction or protease treatment did not decrease detection of cDNA products, and we con®rmed those results (not shown).
To test for a primer, the sizes of nascent cDNAs stopped with dideoxynucleotides ( Figure 4) were examined more carefully. While de novo initiation might be inferred if cDNAs were only a few nucleotides in length, longer cDNAs would indicate a primer and give an approximate size. cDNAs of 1 2 P714T are seen to be 11 to 35 nucleotides for ddATP, ddGTP or ddTTP reactions ( Figure 4, lanes 2-4) . The multiple bands for each ddNTP suggest heterogeneous start sites, as previously observed for the related mutant 1 2 5Brec1 .
9
(Also, only half of synthesized cDNAs should be visualized because there is a 50 % probability that a ddNTP will be incorporated before the radiolabel.) Because the shortest cDNA observed is 11 nucleotides (ddT lane), a primer of slightly less than ten nucleotides is suggested. Examination of the DNA sequence in the vicinity of the expected initiation sites (intron RNA domains 5, 6 and exon 3) showed that the maximum spacings of residues are 11 nt (ddA), 20 nt (ddG) and 11 nt (ddT). Therefore, it is not possible in the dideoxynucleotide experiment to produce cDNAs from this region that would be >11 nt (ddA lane), >20 nt (ddG lane) or >11 nt (ddT lane) except with a primer. As a further control to detect extremely short cDNAs that might be products of de novo initiation and be obscured at the bottom of the gel, a ladder was generated by addition of equimolar ratios of ddNTP:dNTP for A, G or T residues (lanes 9-12). The ladder extends the 11-35 nt cDNAs but no shorter DNAs appear at the bottom of the gel that would suggest de novo initiation events. When the cDNAs were digested with RNase A, there was no shift in gel migration (lanes 5-8), indicating that the primer is not RNA (lanes 5-8) . Phosphatase treatment of 1 2 P714T cDNAs stopped with ddT (analogous to Figure 4 , lane 4) slowed mobility, while sequential treatment with phosphatase and then kinase restored the original migration (not shown). While this would seem to indicate a monophosphate at the 5 H end of the cDNA, it has been previously reported that for an oligo of this length and under those gel conditions, a monophosphate versus a triphosphate is not resolved. 20 We infer that cDNA products of 1 2 P714T probably contain a short DNA primer of slightly less than ten nucleotides with at least a monophosphate at its 5 H end. The reactions of mutants 1 2 ÁD5 and 1 2 ÁD5 produce a greater range of cDNA sizes. Similar to 1 2 P714T , the shortest cDNAs are 10-15 nucleotides, suggesting the use of an equivalent primer. The longer cDNAs, as discussed above, are interpreted as in vivo initiations of reverse transcription for the ÁD5 mutants (Figure 4) .
To further characterize the primer, an S 1 nuclease experiment was used to test whether the primer was paired to the intron RNA template. cDNAs of 1 2 P714T were synthesized using a 1:1 ratio of dA:ddATP to produce a ladder of cDNAs. The products were then treated with S 1 nuclease to digest the potentially dangling single-stranded primer, and the cDNAs were resolved on a denaturing polyacrylamide gel. Consistent with the proposed non-complementary primer, the S 1 treatment appears to have shortened the cDNAs by approximately ten nucleotides ( Figure 7) . No signal is seen after S 1 digestion for the shortest cDNAs ( Figure 7 ) or for cDNAs stopped at the ®rst polymerized A with ddATP (not shown), which is explained by a failure of the cDNAs to remain paired to the probe. In a related experiment, we tested for a double-stranded DNA primer by treating the cDNAs with RNase to remove the template, and then resolving on a non-denaturing gel, with either non-denaturing dye, or after denaturing in formamide dye at 80 C with 2 mg of carrier DNA to inhibit reannealing (not shown). cDNA migration was identical in either case, suggesting that the DNA primer is not double-stranded. Extensive attempts to clone and sequence the cDNAs were unsuccessful due to the very small amount of cDNAs produced in the reaction. DNAs cloned in these attempts appeared to be derived from genomic DNA rather than cDNAs because PCR ampli®cation of DNAs was not dependent on the endogenous RT reaction step, and the inferred cDNA start sites were not localized to any region. It is not possible, then, to know the sequence of the proposed primer, or variability in primer sequence.
Discussion
Two types of group II intron mutants have been characterized for defects in priming. Mutations in either the RT (P714T) or intron RNA (ÁD5) stimulate an alternative priming mechanism that is proposed to utilize a short non-complementary DNA primer rather than homing site DNA. Moreover, non-cognate RNAs are copied by the ÁD5 mutants, presumably as a consequence of misfolded cognate intron. The effects are rationalized by a model in which disruptions of RT-intron interactions relieve negative regulation of the RT and allow alternative priming possibilities. While another explanation might be that RT is overproduced in these mutants, this is not supported by Western blots that show no overexpression of RT in 1 2 P714T and only several-fold overexpression in 1 2 ÁD5 (X. Wu & S.Z., unpublished results). The 1 2 P714T mutant can be regarded as having a mild disruption of RNA-protein interactions because template speci®city is retained, and the mutant intron is substantially mobile into a variant target site. 17 It is not immediately obvious how the P714T mutation causes the priming defect because position 714 is a non-conserved residue outside of the conserved Zn region. One possibility is that the mutation alters the positioning of the Zn domain, thus exposing the initiation site of the RT protein.
The Zn domain is expected to be located near the RT initiation site because it cleaves the DNA at the position where initiation begins. Mispositioning of the Zn domain is plausible because the P714T mutation inhibits cleavage of the homing site DNA even though all conserved residues in the nuclease domain are unaffected. 15, 16 The two ÁD5 mutants have a much more drastic disruption of RNA-protein interactions, as indicated by loss of template speci®city (Figure 2 ) and initiation of cDNA synthesis in vivo (Figure 4) . Deletion of domain 5 is expected to cause gross misfolding of the intron structure. Domain 5 helps to organize the ribozyme's three-dimensional structure through several long-range contacts 21 . Domain 5 has been reported to be located internally within the ribozyme for the yeast intron aI5g, 22 but similar experiments with Ll.ltrB did not indicate an internalized arrangement. 23 Experiments with Ll.ltrB showed that the RT-intron interaction consists of a primary binding site in domain 4A and secondary contacts in domains 1, 2, and 6. 5, 23 We predict that the RT in the ÁD5 mutants can bind to the high af®nity binding site in domain 4A, but secondary contacts will be seriously weakened or lost. Excess molecules of overproduced RT might interact with secondary binding sites on aI2, or with other RNAs including aI1 and rRNAs. It is notable that related RTs of the Mauriceville plasmid and the non-LTR element R2 of Bombyx mori either reverse transcribe rRNAs in vivo 24 or insert into rRNA sequences. 25 It is likely that the alternative priming mechanism occurs to a lesser extent for wild-type intron. Wild-type RNP particles reverse transcribe both aI1 and aI2 introns in endogenous assays at levels 50-fold lower than the 1 2 P714T mutant. 9, 15 Attempts in this study to con®rm that wild-type-derived cDNAs are equivalent to P714T cDNAs in the dideoxy experiment (analogous to Figure 4) were not successful due to the low level of signal. We speculate that alternative priming events for wildtype RNPs might occur analogously to 1 2 P714T , possibly due to rare¯uctuations in RT-intron interactions. Alternative priming might also occur analogously to the ÁD5 mutants, with the RT interacting with non-cognate RNAs immediately after RT synthesis and before the RT establishes a stable interaction with cognate intron.
The primer in the alternative priming mechanism is proposed to be a non-complementary ssDNA primer of about ten nucleotides, with either a monophosphate or a triphosphate at the 5 H terminus. Unfortunately, the inability to clone the cDNA products prevents direct evidence for the priming mechanism, or de®nition of the primer sequence(s). The proposed non-complementary primer is consistent with priming properties of related RTs. The Mauriceville RT can prime with either a non- C for one minute. Products were ethanolprecipated and resolved on a 10 % polyacrylamide/urea gel. Missing cDNA bands result when cDNAs are too short to remain paired to the RNA template, and are digested with the S 1 nuclease. Although the bands are not optimally de®ned, the same result was obtained with several RNP preparations and with or without carrier ssDNA in the S 1 digestion reactions. Asterisks denote putative corresponding bands in untreated and S 1 -treated samples. DNA size markers (left) are based on a sequencing ladder.
Group II Intron Reverse Transcriptase complementary DNA derived from mitochondrial DNA, 26, 27 or de novo, using a dNTP or dNMP as the ®rst nucleotide. 20 The non-LTR element R2 of B. mori, although it normally primes by TPRT like group II introns, can also prime by adding several non-templated nucleotides to the cleaved DNA target before engaging the cognate template, which occurs when the template is arti®cially shortened at its 3 H end. 28 De novo or non-templated polymerization are unlikely mechanisms for alternative priming because of the inferred length of the primer in Figure 4 ; however, non-templated polymerization might occur in vivo prior to the in vitro endogenous RT reaction. The most likely primer is probably a DNA derived from the mitochondrial genome that became associated with the RT in vivo. This would explain why the alternative priming mechanism only occurs for endogenous RNA templates, because when the RT transfers to an exogenous RNA, the primer would be lost and a new complementary primer would then be needed. Another possibility is that accessory factors are required to form the alternative primer, and these factors are not present in the isolated RNP particles.
Although we have not demonstrated that the non-cognate reverse transcription observed in vitro is responsible for in vivo retroprocessing events such as intron deletions, the observation is of signi®cant interest because non-cognate reverse transcription has been used to explain many hypothetical or observed genomic changes in a variety of organisms. For example, LINE or other non-LTR RTs are believed responsible for pseudogene formation in eukaryotic genomes, as well as transposition of Alu and other SINE elements. 12, 13 Ty1 RT has been implicated in gene conversions in yeast. 29 Transposition of some group I introns has been explained by reverse splicing of group I introns into non-cognate RNAs followed by reverse transcription. 30 Often, scenarios for retroprocessing are postulated without knowledge of the RTs involved. Group II introns are in fact the predominant RT encoded in mitochondrial and chloroplast genomes, along with RTs of mitochondrial retroplasmids 31, 32 and occasional free-standing RT ORFs of unknown function. 33 Based on sequences present in Genbank (November 2001), bacterial group II intron RTs now outnumber bacterial retron RTs by a factor of 1.5, and are found in a considerably wider range of host species (24 versus 8; L. Dai & S.Z., unpublished observation). Therefore, group II introns may be a prevalent source of RT available for retroprocessing in bacterial and organellar genomes.
and XbaI, and ligating the fragment into pJFD2 digested with BglII and XbaI, thereby deleting positions 3487-5168 (see Figure 6 for diagrams of inserts).
In vitro transcription reactions
In vitro transcriptions were with phage T3 or T7 RNA polymerase (Amersham Phamacia Biotech, Inc.) with the following combinations of vector, linearization site and polymerase: pKS, ScaI, T7; pJVM159, BstEII, T3; pJFD3, BamHI, T7; pB/N, BamHI, T7; pB/C, BamHI, T7; pJFD4, BstEII, T7. Reactions were done as described by the manufacturer in a volume of 100 ml, and products were processed by a G-50 spin column 36 and ethanol-precipitated. Self-splicing of in vitro transcripts was as described, 16, 37 with 2 M NH 4 Cl. Products were ethanolprecipitated twice in the presence of 0.3 M NaOAc (pH 7.9) and dissolved in TE to a ®nal concentration of 1.0 mg/ml.
RT assay
Endogenous RT reactions were as previously described 9, 14 with 0.025 A 260 units mt RNP particles incubated for ten minutes at 37 C in 10 ml of reaction medium containing 50 mM Tris (pH 8.5), 100 mM KCl, 2 mM MgCl 2 , 5 mM DTT, 0.2 mM dATP, 0.2 mM dTTP, 0.2 mM dGTP and 10 mCi of [a-32 P]dCTP (3000 Ci/ mmol; Amersham Phamacia Biotech Inc.), followed by addition of 1 ml of 2 mM dCTP and incubation for ten minutes. The reaction was stopped by addition of 50 ml of phenol-CIA (25:24:1 by vol. phenol/chloroform/isoamyl alcohol), and 45 ml containing 2 mg of carrier tRNA (Sigma, St. Louis, MO), 0.3 M NaOAc (pH 7.9), and after phenol extraction was ethanol-precipitated to remove most of the unincorporated radiolabel. RNase treatment of cDNAs was with 0.2 mg/ml of RNase A (Sigma) and 0.25 unit of RNase T 1 (Sigma) in 10 ml of TE at 37 C for 15 minutes followed by phenol-CIA extraction and precipitation using NaOAc (pH 5.2).
In making radiolabeled cDNA for probes, reactions were scaled up to 100 ml using 0.25 A 260 RNP particles and 100 mCi of [a- Figure 4 , the standard RT reaction was altered by the substitution of one dNTP with 0.1 mM of the corresponding ddNTP, and the carrier was ssDNA (herring sperm, Sigma) instead of tRNA. For reactions with exogenous RNA templates ( Figures 5  and 6 ), 2 mg of RNA template was included in the reaction with or without 200 ng of primer, and incubated for ®ve minutes without a chase, followed by precipitation with 2 mg of carrier tRNA and resolution on a 1 % (w/v) agarose gel with TBE (90 mM Tris-borate (pH 8.3), 1 mM EDTA), and then drying and exposing to X-ray ®lm. For cDNAs resolved on polyacrylamide/urea gels, samples were heated in formamide dye at 80 C for two minutes prior to loading.
Northern and Southern hybridizations
RNA was isolated from RNP particles by phenol-CIA extraction and precipitation. DNAs for Southern blots were ampli®ed from pJVM4 using primers aI2-5 H and aI2-3 H . Gel electrophoresis for both Northern and Southern blots was in 1 % agarose gels in TBE. Hybridizations were done essentially as described, 36 using
Hybond-N nylon membranes (Amersham Phamacia Biotech Inc.). Hybridizations were carried out in Hybaid hybridization bottles (30 cm Â 6 cm diameter) rotating in a MkII Mini-Oven (National Lab Inc., NJ). Blots were prehybridized for at least two hours at 42 C in 25 ml of 50 % formamide, 6 Â SSC, 1 % (w/v) SDS, 0.1 mM EDTA, 5 Â Denhardt's solution, and 0.1 mg/ml of denatured, sheared herring sperm DNA.
32 P-labeled cDNAs were heated to 95 C for ten minutes before 16 hours hybridization at 42 C. Quantitation of bands was by phosphorimaging (BAS1000, Fuji Medical Systems USA, Inc., Stamford, CT).
S 1 protection experiments
For the S 1 protection experiment, endogenous RT reactions were scaled up twofold in a 20 ml volume with 0.05 A 260 RNP, 0.1 mM dTTP, 0.1 mM ddTTP, 0.2 mM dATP, 0.2 mM dGTP, 20 mCi of [a-
32 P]dCTP (3000Ci/mmol) for ten minutes with a ten minutes chase with 0.2 mM dCTP. Products were phenol-CIA extracted, ethanol-precipitated and resuspended in 2 ml of water. Each reaction was then subjected to S 1 nuclease treatment (10 or 20 units; Amersham Phamacia Biotech Inc.) in 10 ml of S 1 buffer (50 mM NaOAc (pH 4.5), 1 mM ZnOAc, 250 mM NaCl) at 37 C for 30 minutes, followed by phenol-CIA extraction and ethanol-precipitation with 2 mg of Escherichia coli tRNA carrier. Two control samples were heated to 95 C for two minutes prior to treatment with S 1 nuclease. Final products were analyzed on a 10 % polyacrylamide/8 M urea gel.
